Harmonized forest area information provides an important basis for environmental modelling and policy-making at both national and international levels. Traditionally, this information has been provided by national forest inventory statistics but is now increasingly complemented with remote sensing tools. Reliability and harmonization of both sources are important aspects to ensure comparability and to enable the development of international forest scenarios. Initiatives with the purpose of harmonization of forest area for both sources are currently on going. Nevertheless, all forest area estimates contain uncertainties, which must be quantifi ed and included in the error budget. This is a prerequisite for combining and comparing data. The purpose of this study is to compare, taking into account uncertainties, forest area estimates for year 2000 derived from four different harmonized satellite-based maps , covering Europe with recognized offi cial forest statistics. It was found that the major cause of disagreements between offi cial statistics and map-derived forest area originates from the general issue of accounting for land cover instead of land use. Consequently, CORINE land cover results had the best accordance with offi cial statistics due to its focus on land use. The other maps overestimated the forest area in mountainous countries and showed underestimation in countries with large forest area or open forest formations.
Introduction
Information on the extent of forests in Europe is required since countries and the European Union must report on forest resources for several international agreements , such as the United Nations Framework Convention on Climate Change ( UNFCCC, 2002 ) and the Ministerial Conference on the Protection of Forests in Europe ( MCPFE, 2007b ) . Timely, harmonized and reliable information about the current status of forests is essential to fulfi l these reporting obligations. Furthermore, forest area is an essential input for the estimation of various environmental variables , such as biomass, terrestrial carbon sequestration or forest biodiversity assessments ( Kindermann et al. , 2008 ) .
Forest resource information is predominantly derived from national forest inventories (NFI). Yet, common reporting at European level is diffi cult due to the heterogeneity of national forest defi nitions and their concepts ( Köhl et al. , 2000 ; Vidal et al. , 2008 ) . Even the implementation of harmonized defi nitions of baseline variables such as forest area or volume has been found challenging ( Tomppo et al. , 2010 ) . For that reason, several initiatives have been established to harmonize information from NFIs. Based on the previous studies, the COST (European cooperation in the fi eld of Scientifi c and Technical Research) Action E43 ' Harmonisation of National Forest Inventories in Europe ' was launched to improve and harmonize the concepts and defi nitions of the existing NFIs in Europe in such a way that the inventories could provide comparable forest information ( COST E43, 2010 ; Tomppo et al. , 2010 ) . Though the current country-level forest area statistics are already reported according to one common forest defi nition, i.e. that of the Food and Agriculture Organization (FAO) of the United Nations , they cannot be considered as strictly harmonized. Common agreed tools on how to convert statistics from national defi nitions to the FAO defi nition
are not yet available ( FAO, 2005 ) . As a consequence, the quantity and quality of available data varies on a countryto-country basis ( Vidal et al. , 2008 ) . Nevertheless, these statistics are the only offi cial and accepted source for countrylevel forest area estimates that are publicly available.
Remote sensing is an adequate and accepted tool for providing reproducible and reliable information on forest cover over a large spatial extent in a cost-effi cient and objective way ( Koch and Dees, 2008 ; Hansen et al. , 2008 ) . Maps derived from remote sensing are expected to deliver information on the extent of forest area similar to NFIs statistics but also complement this information with spatially explicit representations of forest distribution. This characteristic of remote sensing methods has been used for various scales, from local to continental. For the fi rst time , a remote sensing survey also makes part of the Forest Resource Assessment of the FAO for year 2010 (FRA 2010) and complements the national reporting ( FAO, JRC, SDSU, UCL, 2009 ; Seebach et al. , 2010 ) .
On regional and national scales, there are several approaches that use remote sensing to map forest resources with high spatial detail and accuracy. They are mainly designed to fulfi l specifi c user-defi ned targets and are therefore based on various mapping approaches, different national forest defi nitions and diverse input data sources (e.g. Katila and Tomppo, 2001 ; Reese et al. , 2003 ; Dirección General del Medio Natural y Politica Forestal, 2008 ; Prem, 2008 ) . As with the statistics derived from NFIs, comparing forest area estimates derived from such regional or national products inevitably leads to problems because of the lack of thematic homogeneity and differences in the methodologies. Due to this, a series of initiatives for mapping forests, or more generally, land cover types at global or continental scale, are on-going. They aim at providing harmonized forest information through consistent mapping approaches.
On a global scale, several land cover maps at 1-km resolution have been developed in the last years to improve the assessment of major land cover classes and their dynamics. However, since the accuracy of these coarse scale maps is often not given or only assessed on a global scale ( Herold et al. , 2008 ) , their specifi c accuracy for Europe may be unknown.
For Europe, the Co-ordination of Information on the Environment (CORINE) programme was established in 1985 with the main aim to provide consistent and compatible land/forest cover information for Europe ( Bossard et al. , 2000 ) . The CORINE maps are based on a common nomenclature for the land cover/use classes and are mainly derived by visual interpretation of high-resolution Landsat data with a minimum mapping unit (MMU) of 25 ha ( Perdigão and Annoni, 1997 ) .
Another pan-European map providing harmonized forest cover information is the Calibrated European Forest Map (CEFM1996). The CEFM1996 presents forest proportion at 1-km resolution. It was developed based on image mosaics of NOAA-AVHRR data with a spatial resolution of 1 km and then calibrated to correspond to the offi cial forest statistics at regional and national level s ( Schuck et al. , 2003 ) .
Since the previous maps were limited in their spatial detail, one having an MMU of 25 ha and the other a 1-km resolution, the high-resolution pan-European forest/nonforest map (FMAP2000) was developed by the Joint Research Centre ( Pekkarinen et al. , 2009 ). The map is based on Landsat imagery at 30-m spatial resolution and provides consistent and country-independent information on the forests in Europe with a high level of spatial detail. The method hereby was a top-down approach and the resulting map was validated using the FAO defi nition.
In contrast to the previously existing maps , i.e. the global maps as well as CORINE and CEFM1996 (e.g. Cruickshank et al. , 2000 ; Sifakis et al. , 2004 ; GonzalezAlonso et al. , 2006 ; Gallaun et al. , 2009 ; Päivinen et al. , 2009 ) , the FMAP2000 has not yet been used for any environmental application but provides an interesting data source for future applications including area estimation, due to its higher spatial detail. Although all these abovementioned maps contain pan-European harmonized forest area information, they were derived using different approaches. This study aims at comparing and analysing the maps in terms of national forest area estimates. From a user's perspective, understanding the similarities and differences among these maps as well as their uncertainties will help in the selection of datasets for each specifi c application. The choice of land/forest cover products for environmental modelling may have a large effect on the results ( McCallum et al. , 2006 ) . In particular, a comparison to offi cially reported forest area statistics would give insights into where the limitations of the individual maps occur.
Several studies have studied the agreement and disagreement of global or continental land cover maps, mainly by spatial inter-comparison (e. g. Fritz and See, 2005 ; Giri et al. , 2005 ; McCallum et al. , 2006 ; Neumann et al. , 2007 ) . Comparison of forest area derived from land cover products with offi cial forest statistics was only carried out in a few cases ( Waser and Schwarz, 2006 ; Fritz et al. , 2010 ) . Here, offi cial forest statistics from FAO or NFIs were used as reference data. However, these comparative studies did not consider the uncertainties of area estimates derived from remote sensing maps. Area estimates are usually derived from pixel counting. They are often taken as ' true ' area for various types of resource management, reporting or quantitative models ( Congalton and Green, 1999 ) . However, this approach for deriving area estimates depends highly on the accuracy of the image classifi cation. Even when there is a low probability of misclassifi cation error, differences, i.e. bias, between map-derived area estimates of a land cover category and its actual land cover area exist. Their use in a quantitative analysis is thus inaccurate. In order to make proper use of these area estimates, they have to be corrected and confi dence intervals need to be computed ( Czaplewski, 1992 ) .
At European level , there has not yet been an assessment of the strengths and differences between harmonized land/ forest cover products giving information on forest distribution and its area. The objective of this study is to assess and highlight the potential advantages and limitations of the four publicly available sources of pan-European forest COMPARATIVE ANALYSIS OF HARMONIZED FOREST AREA ESTIMATES 287 extent. The study concentrates on the comparison of national forest area estimates for most European countries. An important aspect is the inclusion of bias and uncertainties. As reference data , we used the offi cial national forest statistics. As these statistics are also prone to error ( Grainger, 2008 ; Vidal et al. , 2008 ) , we approximated and included their uncertainties in the comparison. We aimed to achieve this objective by:
1 Correcting the forest area proportion estimates derived from forest/land cover maps for their bias. 2 Deriving or approximating the uncertainty of both data sources of harmonized forest area proportion (map and statistics). 3 Comparing the country-level forest area proportions considering their uncertainties.
Data sources

Forest/land cover maps
Land/forest cover maps tested in this study were developed with the aim of providing harmonized land cover information over Europe targeting the year 2000. Their properties are listed in Table 1 and are described in more detail below.
JRC high-resolution forest cover map 2000 (FMAP2000)
The high-resolution pan-European forest cover map 2000 (FMAP2000) was derived by an automated processing chain based on a scene-by-scene analysis of Landsat ETM+ images. The methodology consisted of several phases, including preprocessing steps cloud detection, image segmentation and clustering. The core part of the methodology was based on the adaptive spectral representativity analysis, in which CORINE Land Cover 2000 was refi ned in order to be made appropriate as training data. These training data are then used within the supervised nearest neighbour classifi cation and fi nally, each of the single scenes were composed to one single European output mosaic ( Pekkarinen et al. , 2009 ). The fi nal forest cover map was validated with an independent fi eld survey point dataset, i.e. the LUCAS (European Land Use/Cover Area Frame Statistical Survey) ( Eurostat, 2005 ) since that was the only available and harmonized ground dataset covering a large area of Europe. This survey was carried out in 15 European Union (EU15) countries for year 2001. For each point ( ~ 96 000 in total) , the land cover and use were surveyed within an observation unit, a circle with a radius of 3 m. However, in exceptional cases (e.g. forest and woodland classes) , a circle with 20-m radius was considered, corresponding to the MMU of the FMAP2000, a pixel of 25-m resolution. The underlying forest defi nition of this dataset follows the forest definition of the FAO of the United Nations ( Duhamel et al. , 2003 ) . Using LUCAS, the overall accuracy exceeded 90 per cent and the user accuracy for forests reached 85 per cent ( Pekkarinen et al. , 2009 ) .
CORINE Land Cover 2000 (CLC2000)
The CORINE land cover/land use maps cover the 27 countries of the European Union (EU27) and neighbouring countries and are available for years 1990 and 2000 ( CORINE Land Cover 2000 ( CLC2000) ) . These maps were derived, on a country basis, by visual interpretation of Landsat TM and ETM+ imagery using a MMU of 25 ha ( Perdigão and Annoni, 1997 ) . In a second step, country maps were assembled as a seamless European vector product.
The underlying CORINE nomenclature includes land cover items but also land use elements and consists in total of 44 land cover/use classes ( Bossard et al. , 2000 ) .
The thematic accuracy of the CLC2000 was assessed by means of the same fi eld data used for the accuracy assessment of the FMAP2000, the LUCAS2001. Since the MMU of CLC (25 ha) did not correspond to the observation unit of the surveyed points (circle of 3 -or 20-m radius), a direct use for a validation assessment was not possible. In order to account for the CLC mapping rules and the landscape context in which CLC was created, some LUCAS points were re interpreted where reference information, i.e. landscape photographs, was available. Comparison between these reinterpreted points and CLC aimed to provide thematic reliability ( European Environmental Agency, 2006 ) . For all CLC classes, this approach resulted in a reliability of 87 per cent . Considering only forest classes, the reliability was found to be higher (85 -90 per cent ). For the purpose of this study, the original class codes of the seamless CLC2000 vector layer were recoded to integer values, and the layer was rasterized to 25-m pixel size for the comparison.
Calibrated European Forest map (CEFM1996)
The calibrated European Forest map was produced in two steps. Firstly , a forest probability map was computed using image mosaics of NOAA-AVHRR data with a spatial resolution of 1 km. The image mosaics were further stratifi ed into three biogeographic regions: Atlantic, Mediterranean and Temperate and Boreal. Within these strata, an unsupervised clustering was computed, and the forest area probability/proportion of each AVHRR pixel was estimated using CLC1990 as training data . In a second step, the AVHRR-estimated forest proportions were calibrated to correspond to the offi cial regional and national forest statistics using a pixel-to-pixel ratio scaling ( Päivinen et al. , 2001 ; Schuck et al. , 2003 ) . The CEFM1996 was not validated by a pixel-level accuracy assessment but was qualitatively evaluated based on country questionnaires ( Schuck et al. , 2002 ) .
Global Land Cover 2000 (GLC2000)
The Global Land cover 2000 map was produced following a bottom-up approach in which regional maps based on the SPOT-4 VEGETATION dataset of Vega 2000 with 1-km spatial resolution were assembled to obtain the global product ( Bartholomé and Belward, 2005 ) . Its legend comprises 23 land cover classes including nine tree cover classes , which are all defi ned by a tree height of more than 3 m and a tree cover of more than 15 per cent ( Bartholomé and Belward, 2005 ) .
Europe was covered by four regional map products derived with approaches that consisted mainly of unsupervised classifi cations combined with cluster labelling using CLC2000 as ancillary data. For the GLC2000, a quantitative accuracy assessment was carried out only on a global scale ( Mayaux et al. , 2006 ) ; therefore , no accuracy estimate is currently available for Europe.
Offi cial forest area statistics
As reference for the forest area comparison in Europe, we refer to offi cially reported and recognized forest area statistics, which are harmonized for Europe and publicly available on a country level. These forest area statistics are generally based on NFI, applying the national forest defi nition. A homogeneous global defi nition is available through the global Forest Resource Assessment (FRA) of the FAO of the United Nations : ' Land spanning more than 0.5 ha with trees higher than 5 m and a canopy cover of more than 10 per cent. It does not include land that is predominantly under agricultural or urban land use ' ( FAO, 2004a ) . For FRA2005, the countries were asked to report estimates for the years 1990, 2000 and 2005 according to the commonly agreed FAO defi nition. Also for MCPFE2007 ( MCPFE, 2007b ) , countries reported forest area for the same years as an indicator for sustainable forest management in Europe based on the FAO defi nition. Within Europe, seven countries base their national defi nition on FAO (Cyprus, Denmark, France, Greece, Italy, Netherlands and Portugal) and the Scandinavian countries (Sweden, Norway and Finland) use the FAO defi nition in addition to their national one ( Tomppo et al. , 2010 ) . The remaining countries have to construct bridges to convert national data to FAO defi nitions. Tools for the conversions were still lacking or were not implemented for FRA2005 and MCPFE2007, which implies that comparison of the fi nal forest area estimates is problematic ( Vidal et al. , 2008 ) . For future reporting, bridging tools developed by the COST Action E43 are documented by Tomppo et al. (2010) .
Nevertheless, FRA2005 and MCPFE2007 are to date the most comprehensive assessments of forest resources based on one single forest defi nition. Therefore, we used their country statistics of year 2000 as reference for the forest area comparison of the land/forest cover datasets, which are further referred to as MCPFE2007.
Methods
Preparation of datasets and country-level area estimation
Before assessing the forest/land cover maps, the datasets had to be spatially harmonized . As a common European coordinate reference system , the INSPIRE compliant European Terrestial Reference System 1989 and Lambert Azimuthal Equal Area (ETRS89 / ETRS-LAEA, European Petrol Survey Group :3035 ; EPSG ( http :// www . eps g . org / ) ) projection were chosen ( Annoni et al. , 2003 ) . The GLC2000 and CEFM1996 needed to be re projected. In the case of GLC2000 a nearest neighbour resampling was used, while a bilinear resampling was applied to the CEFM1996. Since the focus of this study is to assess only the forest cover, the land cover datasets, GLC2000 and CLC2000, were re labelled into ' forest ' and ' non-forest ' maps. The thematic translation into one common legend only implied an aggregation of present forest classes into a single one. For CLC2000, the forest classes ' broad leaved ' , ' coniferous ' and ' mixed ' forest were combined, while for the GLC2000 , all land cover classes with tree cover of more than 15 per cent (GLC2000 class one to eight) were assigned to the forest class. The CEFM1996 remained as is for the forest area assessment since the forest proportion stated for one pixel is reported to be equivalent to its area in hectares , e.g. 10 per cent = 10 ha ( Schuck et al. , 2003 ) .
In this study, we estimated the forest area proportion at country level for the whole of Europe using the administrative boundaries of the Geographic Information Systems of the European Commission ( Eurostat, 2003 ) . To calculate the forest area proportion , we used a simple pixel counting approach on the reclassifi ed forest/non-forest maps (CLC2000, GLC2000, FMAP2000) excluding non-valid data. This is generally acceptable if the image classifi cation is very accurate and the impact of mixed pixels and voids is negligible ( Gallego, 2004 ) . For CEFM1996 , the forest proportion was calculated by summing up the forest proportions per country and by dividing the sum by the total pixel area covering the country.
Approach for the estimation of uncertainty
Area correction and uncertainty estimation for maps Areal fi gures derived from pixel counting are often treated as unbiased estimates of the true area and are used as such for various types of resource management or quantitative models ( Dymond, 1992 ; Congalton and Green, 1999 ) . However, area estimates derived from remote sensing products, i.e. through pixel counting, are biased. This bias, also named quantifi cation error ( Pontius, 2000 ) , originates from the differences in the proportion of each land cover category between the map and the actual land cover area. Models for correction of this quantifi cation error and their use are presented in several studies ( Card, 1982 ; Hay, 1988 ; Czaplewski and Catts, 1992 ; Dymond, 1992 ; Yuan, 1996 ) and are mainly based on the contingency matrix (also known as error matrix). Contingency matrices are commonly used for evaluating the accuracy of the map and are set up using reference data. Here, they are used to calibrate the biased areal estimates derived from pixel counting. There are three major calibration techniques with various modifi cations -inverse correction ( Hay, 1988 ; Jupp, 1989 ; Hay, 1989 ; Czaplewski, 1992 ; Czaplewski and Catts, 1992 ; Yuan, 1996 ) -direct correction ( Card, 1982 ; Czaplewski, 1992 ; Wynne et al. , 2000 ) or additive correction ( Dymond, 1992 ) . However, there is no consensus as to whether one technique is superior to the other ( Gallego, 2004 ; Chen and Goodchild, 2007 ) . We chose in this study , the direct correction following Card (1982) . For clarity and consistence in the discussion, we briefl y refer to the naming convention of the k × k contingency matrix in Table 2 . Based on this notation , we can estimate the true proportion ˆi p of a class i (in our study forest or non-forest) of the countries using the biased proportion j p of class j derived from the classifi ed map:
The calculation of the standard error is complicated and depends strongly on the sampling design of the validation dataset. Card (1982) offers solutions if simple random sampling (SRS) or stratifi ed sampling was used for the validation dataset. For SRS, the standard error (SE) would be estimated by:
Since systematic sampling was used for the LUCAS2001 survey points, which were used for the validation of FMAP2000 ( Pekkarinen et al. , 2009 ) , the estimation of the standard error becomes more diffi cult. Gallego and Bamps (2008) proposed to overcome this problem by using thematic maps as stratifi cation. This approach is closely related to the direct estimator if each class of the maps is considered as a stratum. With this approach , we can introduce an additional post-stratifi cation term for the standard error ( Cochran, 1997 , 135) :
where SE i is the standard error for class i with n = total number of fi eld plots used for the validation. If the classification has two classes j = 0,1 (as in our case forest or nonforest) , all the . This second term, however, becomes negligible if the size of validation plots of the systematic sampling becomes high, in which case , it will approximate SRS.
Assuming a Gaussian distribution, the 95 per cent confi dence interval δ i for the class i proportion per country is given by SÊ 1. 96 . The properties of the validation data used to build the contingency matrix have a strong infl uence on the calibration of the estimate of cover proportion. Sampling errors of the validation data are propagated into the calibration. However, as the number of validation plots increases, the propagated errors decrease. Czaplewski and Catts (1992) suggested a minimum of 500 samples within an area of constant misclassifi cation probability for a stable correction of the quantifi cation error.
Unfortunately, contingency matrices from the accuracy assessment are rarely available to the users of map products and are often not tailored to specifi c areas of interest, such as individual countries. For FMAP2000, we were able to use the results from the accuracy assessment based on the fi eld data of LUCAS2001 for EU15 ( Pekkarinen et al. , 2009 ) . For these countries , we could correct the bias of true forest proportion and derive their confi dence levels. For the remaining countries and for the other datasets (CLC2000, CEFM1996 and GLC2000), no country-level accuracy assessment based on plot reference data was available; in case of CEFM1996 and GLC2000 , accuracy estimates for Europe do not exist at all.
As a comparison of forest area estimates would be invalid if bias and uncertainty are not considered, we needed to fi nd an approach to account for these, even if accuracy assessments were missing. Hess and Bay (1997) tackled this issue by generating sample user probability matrices for three levels of accuracy of a binary classifi cation (high, medium and low) that could be used for an approximation for area estimation correction ( McMahon, 2007 ) . The elements of these user probability matrices consist of values approximating the term ij j n n of equation (1) (later referred to as user probability).
In this study , we assumed a medium accuracy for maps which were derived by (semi-) automated classifi cation (remaining countries of FMAP2000, GLC2000) and used the sample user probabilities given by Hess and Bay (1997) for the forest class. For CLC2000, which was developed mainly by visual interpretation, a high accuracy was assumed as Shao and Wu (2008) states that visual interpretation is expected to be more accurate than automated classifi cation. Therefore, the user probabilities of forest were chosen accordingly. The 95 per cent confi dence intervals for these corrected estimates were computed using equations (3) and (4) applying the assumed user probabilities mentioned above and the minimum validation sample size of 500 samples as suggested by Czaplewski and Catts (1992) . Walsh and Burk (1993) also stated that with a suffi cient validation sample size (of more than 500), the area correction is sensitive to the classifi cation accuracy rather than to the sampling size as aimed in this study .
For CEFM1996 , no corrections of areal estimates were applied due to the absence of contingency tables and to the fact that the map was already calibrated to match national forest statistics. This calibration could be regarded as a resultoriented correction. Still, the uncertainty remains and is not given. In order to assign a confi dence value also to CEFM1996, we made the same assumption as for GLCF2000. For all maps, the forest area estimates were corrected for all countries apart from Malta since its forest area proportion is less than 1 per cent , and a correction would have created artefacts.
Uncertainty approximation for offi cial statistics
As reference dataset for the comparison , we chose the FRA2005 and, where updated, the MCPFE2007 country forest area statistics of year 2000 since they are all based on the FAO defi nition. In the following text, we refer to these country statistics of year 2000 as MCPFE2007.
These offi cial forest statistics often vary in quality with respect to time and space and are based on different survey methods ( Rudel et al. , 2005 ; Grainger, 2008 ) . Therefore, countries have to report the process used to derive the FAO estimate, if the FAO and the national defi nition differ. Often, prediction and extrapolation of national data to the selected time points (1990, 2000 and 2005) had to be applied because of gaps in forest inventories or lack of adequate data. Countries also had to indicate the quality (high/medium/low) of their data sources ( FAO, 2004b ) . However, no quantitative estimates of quality were given.
Within a combined survey of the MCPFE, FAO and United Nation Economic Commission for Europe (UNECE), the countries were again required to describe the quality of the estimates. The likely range of errors of the data needed to be reported for at least for the year 2005, ideally indicating ± 1 standard error , however fewer than half of the countries (20) , provided such range estimates ( MCPFE, 2007a ) .
In order to establish the uncertainty of the reference dataset for 2000, we either referred to the standard error ranges given for year 2005 in the country reports of MCPFE (2007a) or in their absence , we substitute them based on the rough quality indication of the country reports of FRA2005 ( FAO, 2005 ) using two criteria: quality of input data and usage of forecasting or prediction ( Figure 1 ) . If the quality was stated to be high or medium and no prediction was applied, we assigned an error of 5 per cent , while for low quality in combination with prediction an error of 15 per cent was given. The range of the approximated errors remained within the margins of those reported by MCPFE2007 , e.g. Albania with the largest error indication reported 20 per cent error. For the remaining cases, we assumed the error to be 10 per cent . Based on these standard errors , we indicated the 95 per cent confi dence interval of MCPFE2007 to the forest area proportion per country.
Results
The comparison between the forest area statistics derived from the FMAP2000, CLC2000, GLC2000 and the CEFM1996 and those reported by the MCPFE2007 are shown in Table 3 . It summarizes the uncorrected forest area proportions derived from pixel counting of the maps along with their corrected estimates and 95 per cent confi dence intervals. Confi dence intervals are also given for the MCPFE2007 estimates.
Correction of area estimates
The correction of the forest , a real estimates derived from the maps , generally increased the forest area proportion in countries with fragmented and scarce forests such as Cyprus (CY) or Ireland (IE). On the contrary, a decrease, although less pronounced, was noted in countries with high and homogeneous forest coverage (e.g. Sweden -SE) as illustrated in Figure 2 . For the FMAP2000 , the area estimates increased on average by 2.5 per cent , with a maximum increase of ~ 7 per cent in Cyprus (CY). For CLC2000, the areal estimates were adjusted moderately Offi cial forest area statistics from MCPFE2007 with 95% confi dence interval, Y: standard error was given in the MCPFE2007 country reports, N: standard error was assumed using FRA2005 country reports For FMAP2000 countries are marked in italics which area estimates were corrected by available contingency tables (please refer to text). Bold = area estimates, cal = calibrated.
(on average 1.3 per cent ), mainly in countries with little forest cover. The highest impact of the correction was visible for GLC2000, where for almost half of the countries , the forest area proportion increased by more than 5 per cent . The different magnitudes of correction of the national forest area proportions of these maps is caused by the initial classifi cation accuracy, which was only given for EU15 countries in the case of FMAP2000 or assumed for the other products due to missing contingency tables or accuracy parameters. Furthermore, the direction of correction is mainly sensitive to the proportion of the class ( Czaplewski and Catts, 1992 ) . Scarce and fragmented forest cover undergoes stronger adjustments than large homogeneous forest cover even if it was classifi ed with a higher accuracy.
Comparison of forest estimates
The differences between map-derived area estimates and the offi cial forest area estimates of MCPFE2007 were affected by the corrections (see again Table 3 ). Since the area corrections for CLC2000 were minor, they had little effect on the differences. For FMAP2000, the corrections caused that three more countries had differences in forest area of more than 5 per cent . In these countries , a slight overestimation of forest area is prevalent. For GLC2000 on the contrary, the correction reduced the number of countries with more than 5 per cent difference to 16. Nevertheless, a strong tendency of underestimation of forest area remained in particular in countries with less than 50 per cent forest proportion (see Table 3 ).
A ' reasonable agreement ' was considered if the 95 per cent confi dence intervals of both the MCPFE2007 forest statistics and the area estimates derived from the maps overlapped. Such an agreement was observed for FMAP2000 in countries covering ~ 68 per cent of the common area of interest of all maps (EU27 and neighbouring countries -later on referred to as AOI). CLC2000 and CEFM1996 showed good agreement in ~ 60 per cent of the AOI, while for GLC2000 , this was found only for 51 per cent of the AOI.
We considered it ' disagreement ' if the confi dence intervals were disjoint, indicating an erroneous estimation of the forest area or of its confi dence interval either in the map or reported Figure 2 . Forest area proportion of European countries reported by MCPFE2007 and derived from the maps FMAP2000, CLC2000, GLC2000, CEFM1996 with and without correction.
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by the MCPFE2007. The value of disagreements between the maps and the MCPFE2007 are shown in Figure 3 .
Considering their uncertainties , almost no disagreement remained between CLC2000 and the MCPFE2007. For the FMAP2000 , a disagreement is still evident for 11 countries with a tendency of overestimation compared with MCPFE2007 statistics, yet mainly in the order of less than 5 per cent . Also for GLC2000, a disagreement was noted for 12 countries , however, without any tendency for over-or underestimation. For mountainous countries such as Switzerland (CH) and Serbia (RS), the forest area was strongly overestimated by ~ 10 per cent , while on the contrary, for Finland (FI), Latvia (LV) and Estonia (EE) , it was underestimated by more than 10 per cent .
Taking into account the confi dence interval of the MCFPE2007, forest area is still signifi cantly underestimated by the CEFM1996 , in particular , in Bosnia-Herzegovina (BA:10 per cent ) and Sweden (SE:4 per cent ).
Regarding all maps, a signifi cant underestimation of forest occurs in Finland for all four maps and in Spain (ES) and in Estonia for the two maps (FMAP2000/CLC2000). Possible reasons for this will be discussed in the next section.
Discussion
Before applying the correction , we found a wide-spread underestimation of forest by the maps with coarse scale, Figure 3 . Value of disagreement between MCPFE2007 forest area statistics and the corrected forest area estimate of FMAP2000, CLC2000, CEFM1996 and GLC2000 outside the 95% confi dence intervals for the 33 countries of interest. FORESTRY 294 i.e. GLC2000 and CEFM1996, or large MMU, i.e. CLC2000, which is a general observation that coarse scale maps underestimate marginal classes and overestimate dominant classes ( Moody and Woodcock, 1994 ; Gallego, 2004 ) . However, the overestimation of dominant classes, i.e. countries with high forest proportion, is only partially noted for GLC2000. Both effects are reduced by applying the correction.
The introduction of uncertainty of the area estimates enabled sound comparison not only between maps but also between maps and offi cially reported statistics. Many studies report only a single number for the area estimate and ignore its uncertainty. In particular for offi cial statistics, associated confi dence intervals are rarely applied ( Liski et al. , 2003 ) even if concerns about their use exist ( Grainger, 2008 ; Vidal et al. , 2008 ) .
For both sources of forest area estimates, uncertainty estimates need to be given in order to allow users to treat them according to their precision and to incorporate them in any further application. Also, comparison without taking into account , the uncertainties may result in misleading conclusions for the fi nal user of these maps. Analysing the remaining signifi cant disagreements may give information about where and why the maps are different.
For GLC2000, the thematic differences in the initial legend related to its forest defi nition might have contributed to large disagreements. For this study , only those land cover classes of GLC2000 with a tree cover of more than 15 per cent were reclassifi ed into forest. The class ' Mosaic:Cropland/Tree Cover/ other natural vegetation ' with a lower tree cover was labelled as non-forest. In Finland, Latvia, Lithuania and Estonia , this land cover class is more common than in the remaining European countries and its area proportion ranges between 3 and 8 per cent . Ignoring the tree cover of this class could have contributed to the substantial underestimation of GLC2000 in these countries. Kindermann et al. (2008) proposed to attribute partial forest cover (20 per cent ) for this mosaic class in order to account for the underestimation of forest area. Adding this class partially to the forest proportions of GLC2000 within Finland, Estonia, Latvia and Lithuania, the underestimation compared with the MCPFE2007 forest statistics was reduced by between 0.6 per cent (Finland) and 1.7 per cent (Estonia). However, a signifi cant disagreement of more than 10 per cent remained in Finland, Estonia and Latvia (see Figure 3 ) .
The results of the area comparison of the CEFM1996 need to be approached in a different way. Firstly , one of the processing steps of the CEFM1996 was the calibration to both national and regional forest statistics ( Schuck et al. , 2002 ) and secondly , a confi dence interval was assumed similar to that of GLC2000. With this calibration , the results should show no deviation in an ideal case; however, signifi cant deviations to MCPFE2007 statistics were noted. One possible reason behind the deviations could be related to the different sources of forest statistics used for calibration of CEFM1996. The majority of national forest statistics were taken from TBFRA2000 ( UNECE/ FAO, 2000 ) or were identical to them, while in some cases , the national forest statistics that were used showed substantial differences in forest proportion ( Schuck et al. , 2002 ) with respect to the former. Also, deviations of ~ 5 per cent or more exist between the forest area statistics of TBFRA2000 and MCPFE2007 for seven countries of the AOI due to the different reporting years. For example, Slovenia (SI), Spain (ES), Italy (IT), Estonia (EE) and Croatia (HR) showed an increase of forest between the reporting period of TBFRA2000 (1990 TBFRA2000 ( -1996 and the reporting year 2000 of MCPFE2007. However, this could account for the underestimation of CEFM1996 only in Slovenia and not for Bosnia-Herzegovina or Sweden.
The differences between offi cial forest area statistics and the FMAP2000 have already been partly discussed in Pekkarinen et al. (2009) . The reason for overestimation in Switzerland and Serbia may stem from the lack of training area from CLC2000, which had to be extracted from areas in neighbouring countries. Similarly, the large disagreements of GLC2000 in the above-mentioned countries could be caused by the same limitation since CLC2000 was partially used as additional input for the production of GLC2000 in Europe. The signifi cant underestimation of forest in Spain and Finland in the FMAP2000 and partly in the other maps may be related to the inconsistency of the forest defi nitions behind the MCPFE2007 and the maps. According to the defi nition for MCPFE2007, i.e. the FAO defi nition, forests are determined both by the presence of trees and , in particular, by the absence of other predominant land uses. In addition, forest must have canopy cover of more than 10 per cent ( FAO, 2000 ) .
The forests delineated in the maps are derived by a methodology that is solely based on remote sensing data, i.e. on the analysis of the spectral properties of the present land cover. Consequently, forest is only classifi ed by the presence of trees, while temporarily (e.g. recent clear cuts) and permanently unstocked areas (e.g. forest roads, game management) are typically classifi ed as non-forest in the maps, although they are generally included in the FAO defi nition as forest ( Cienciala et al. , 2008 ) . On the other hand, wooded parks and fruit tree plantations, excluded from the FAO defi nition, are classifi ed as forests. The latter may also hold true for open forests, once the understorey refl ectance becomes dominating. For these reasons, it is likely that in areas of low canopy closure , the maps based purely on remote sensing data tend to underestimate forest area and might not identify the 10 per cent crown coverage as required by the FAO defi nition.
The effect of land cover vs land use is less pronounced for CLC2000 since its nomenclature partially includes land use components. So parks and fruit trees are excluded from the forest classes ( Bossard et al. , 2000 ) , but temporarily unstocked areas larger than 25 ha are labelled as non-forest as for the other maps. Therefore, the overall tendency of all remotely sensed maps to miss forests in Finland is likely due to the inclusion of temporarily unstocked areas depending on their forest management plans.
In this study , we tried to correct the bias of area estimates derived from remote sensing maps and to give uncertainty ranges for both remote sensing and offi cial statistics Figure 4 . Snapshot of areas depicting spatial disagreement of the forest cover maps in the Algarve region, Portugal. FMAP2000, CLC2000 and GLC2000 are reclassifi ed into forest and non-forest classes, while CEFM1996 is presented in forest percentage (see legend).
in order to give information on the differences between these maps. The uncertainty estimation was mainly based on assumption due to the lack of information on accuracy data. Ideally, uncertainty of any data source should be provided with the data along with documentation on how it was derived. Furthermore, any validation dataset used in an accuracy assessment also contains some error and uncertainty, whether that dataset was based on a sample of ground measurements or modelled at a fi ner resolution imagery. Knowledge of these errors and their incorporation explicitly into the accuracy assessment would improve its interpretability and applicability for area correction ( Ji and Gallo, 2006 ) . In the case of the validation data LUCAS2001, which was used for the accuracy assessment of FMAP2000, no error or uncertainty could not be taken into account was indicated as none was indicated.
Conclusion s
Forest distribution maps are important sources for a wide range of forestry and ecological applications, in particular with respect to climate change and biodiversity issues. The datasets compared in this study all have inherent strengths and weaknesses, depending on their input data and mapping approaches. Their various characteristics make a comparison between them clearly diffi cult per se .
The comparison to an independent source of forest area allowed us to assess quantitatively the agreement between the various maps in national forest area. Including the uncertainties of the forest area estimate of both offi cial statistics and those derived from the various maps we were able to highlight where the signifi cant differences occurred. Overall, CLC2000 showed the best accordance with MCPFE2007 due to its land use component in the mapping approach. FMAP2000 and CEFM1996 demonstrated similar performance with some signifi cant disagreements in single countries. So, the higher spatial detail of the FMAP2000 did not lead to any advantages concerning the area estimation. The GLC2000 may have its strengths on the global scale, but it proved not to be ideal for pan-European applications due to its large disagreements in forest area.
Despite the importance of the area comparison, this kind of analysis gives no indication about the spatial characteristics and the spatial agreement between the different maps. Misclassifi cation and displacement may still occur. Figure 4 shows a snapshot of an area with spatial differences between the maps. Here, CLC2000 and GLC2000 have a similar spatial distribution of forest area, while FMAP2000 adds small patches of forested area. CEFM1996, however, shows a strong spatial disagreement compared with the other maps with a pronounced border effect. Therefore, in addition to the area comparison, spatial comparison of these maps is necessary, if local spatial agreement of these maps is of interest.
A major driver of the remaining disagreements between map estimates and offi cial statistics originates from the common issue of land use vs land cover. National forest area statistics are generally related to forest use according to their forest defi nition, while areal estimates derived from automated remote sensing approaches will report estimates on forest cover and may become forest use maps if extensive auxiliary data are available for their manipulation. Areal estimates from maps can be calibrated in order to be coherent with national statistics; however, uncertainty of the map remains an issue and the process leads to an alteration of the spatial forest distribution ( Päivinen et al. , 2009 ) .
As a fi nal note, the results of the study were conditioned by the limited availability of accuracy estimates for both offi cial statistics and maps. Due to this fact, we proposed an approach to account for missing uncertainty values. For the MCPFE2007 statistics, the estimation of confidence intervals was partly based on assumptions where no standard error was indicated by the countries (see Table 3 ). But even when standard errors were given their values ranged from 0 per cent to 20 per cent between countries. For the maps, the confi dence levels had to be based on assumptions, where no contingency table was available for the countries.
In this study , we also wanted to highlight the importance of taking into account the uncertainty in both datasets and its consideration in any interpretation. With the increasing availability of various land cover products, the user community faces the choice of fi nding the most appropriate for their specifi c application. A sound choice can only be made based on a thorough comparative assessment, for which uncertainties are crucial. Assumed uncertainties thereby should only be considered as second choice. A detailed accuracy information should become compulsory for future products since, as Strahler et al. (2006) pointed out, any map without a proper validation, whether at global, regional or local scale, remains a hypothesis .
